Abstract. Color transparency is the vanishing of nuclear initial or final state interactions involving specific reactions. The reasons for believing that color transparency might be a natural consequence of QCD are reviewed. The main impetus for this talk is recent experimental progress, and this is reviewed briefly.
INTRODUCTION
This talk reviews the phenomena known as "Color Transparency", including what it is, the experiments and the progress so far. There have been several reviews of color transparency [1, 2, 3, 4] . Much of the theory has been known for a long time, and it has not changed much since the time of those reviews. On the other hand, there has been significant experimental progress in recent years, and one can anticipate much discovery work to be done in new laboratories.
The basic idea is that some times a hadron is in a color-neutral point-like configuration PLC. If such undergoes a coherent reaction, in which one sums gluon emission amplitudes to calculate the scattering amplitude, the PLC does not interact with the surrounding media. A PLC is not absorbed by the nucleus. The nucleus casts no shadow. This is a kind of quantum mechanical invisibility.
In more technical terms we speak of reduced initial and//or final state interactions in high momentum transfer quasi elastic nuclear reactions. Examples include the electroproduction of a single meson in nuclear reactions, and the coherent production of two jets by high energy pions incident on nuclei. The logic for color transparency to occur consists of three steps.
• high momentum transfer hadronic exclusive reactions proceed by PLC formation [5] • a PLC has a small scattering amplitude because, for a color neutral object, the sum of gluon emission amplitudes cancel. A coherent process is needed.
• a PLC expands as it moves [6, 7] . Therefore high energies are needed.
This means that to observe color transparency one needs to make the PLC in a high momentum transfer reaction using an exclusive process to maintain the coherence necessary for the cancellation of interactions. Furthermore, high energy must be involved to avoid expansion of the PLC. In that case there are no or reduced interactions Observing color transparency is interesting because this is a (relatively) new novel dynamical phenomenon in which the strong interaction is turned off. Moreover, color transparency is routinely used in QCD factorization proofs, so it is very worthwhile to observe it experimentally. Furthermore, the existence of PLC holds are many implications for nuclear physics [8, 9] . In nuclei the PLC of the nucleons do not interact with the surrounding nucleons and this leads to modification of the nucleon structure, an effect that may be relevant for explaining the EMC effect.
The remainder of this talk is concerned with a brief discussion of the three main points: dominance of PLCs in high momentum transfer exclusive processes, color cancellation which reduces or cancels the interactions of the PLC, and the irritating expansion effects. This is followed by a very brief mentions of early searches using (p,pp) [10] and (e,e',p) [11] nuclear reactions. Then the case that worked-Fermilab di-jet experiment in coherent pion nuclear reactions-is discussed [12, 13] . This is followed by a discussion of the new results from Jefferson Lab involving electroproduction of pions [14] and rho mesons [15] . A brief discussion of other possible experiments is presented.
THREE ELEMENTS OF COLOR TRANSPARENCY
Small objects are produced at high momentum transfer in two-body scattering
High momentum transfer is usually associated with small wavelengths. Perturbative QCD make the stronger assertion that a small object without soft color and pion fields is produced during a high momentum transfer. Such configurations of closely separated quarks can be produced with the fewest possible gluon exchanges. The use of perturbative QCD for exclusive reactions, at all but asymptotically large momentum transfers, has been questioned, but the inclusion of Sudakov effects extends the region of applicability. Moreover, theoretical analyses of the simplest versions of popular models show that small configurations can be produced for momentum transfers as low as about 1 or 2 (GeV/c) 2 [1] .
The question of whether high momentum transfer exclusive reactions requires a PLC is interesting because there is an opposing idea known as the Feynman mechanism. In this case the process is dominated by the interactions of a single quark carrying nearly all of the momentum of the hadron, so that the transverse size is not affected. Then no PLC is formed. The question of the relevance of the PLC is the interesting question we want to learn about.
Small objects have small cross sections
This can be understood using Coulomb interactions. Consider a dipole made of an electron-positron pair with a fixed transverse separation b that interacts with a fixed charge q. The total Coulomb interaction V = eq/r + − eq/r − ≈ eqb/(r + r − ), where r +,− is the distance between the (positron, electron) and the charge q, and one takes the longitudinal position of the pair to be at the target. The interaction is proportional to the dipole moment of the pair and vanishes when the transverse separation vanishes.
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Wednesday, August 15, 12 FIGURE 1. Effective cross section as a function of the distance z transversed, from PRL 69, 3619 [7] Notice that we add the two interactions. This is where coherence enters. The strong interaction version of charge cancellation is used in proofs of factorization [16] . In QCD one deals with initial and final color singlet configurations. Thus two gluons must be exchanged and one gets an interaction proportional to b 2 . This was originally derived for two gluon exchange, but this mechanism has difficulties. The slope of dσ /dt diverges for the exchange of massless gluons. Including the effects of gluongluon interactions and the non-perturbative nature of gluon-target scattering leads to the result [17] :
where λ is a process-dependent proportionality factor.
PLC Expansion
The point-like configuration is not an eigenstate of the Hamiltonian. It can be regarded as a wave packet that undergoes time evolution. Since the PLC (by definition) starts out as small-sized, it can only increase in size. Ultimately it will turn into a normalsized hadron that interacts with the usual strength. Therefore the observation of color transparency requires that the PLC escape the nucleus before it expands. For a protonic PLC of momentum P, the expansion time
where M p is the proton mass and M n is the mass of an important component of the PLC. The time t can be thought of as the time-dilated version of a natural rest-frame time. For large enough values of P the PLC remains small throughout its transversal of the nucleus.
Jennings & Miller [7] used a hadronic basis to understand the expansion. Their results for the effective cross section as a function of distance transversed z are displayed in Frankfurt [6] :
where σ is the ordinary hadronic cross section, n the number of constituents in the PLC, a reasonable numerical value for ∆M 2 = 0.7 GeV 2 .
EXPERIMENTAL CONSEQUENCES
The transparency T (A) for a nucleus A is defined as the ratio of a measured cross section to one computed in the absence of final state interactions. In the limit of complete transparency T (A) = 1. At low momentum transfer Q 2 T (A) takes on a value that is characterized by the ordinary distorted wave Born approximation (DWBA). But as the value of Q 2 increases T (A) increases, assuming that the associated momentum P increases with increasing Q 2 . An generic illustration is shown in Fig. 2 . Since the axes are not labelled with numbers and the scale is unknown, the curve refers to all experiments and all models for computing T (A). The remaining discussion is brief; please see the talk https://indico. triumf.ca/confAuthorIndex.py?view=full&letter=m&confId= 1383 for more information.The BNL (p,pp) experiment [10] , which showed a rise and then a fall of T (A) with increasing beam momentum (at fixed cm pp scattering angle). This finding has not been reproduced by any theory that included all of the necessary inputs: expansion, effects of PLC and effects of large blob-like configurations, BLC.
The (e,e'p) reaction shows no effects of color transparency [11] , but future running at JLab12 could find an effect.
The coherent production of di-jets from nuclei using the 500 GeV FermiLab pion beam [13] is the one that worked. It shows color transparency through Pt to C target ratio that is seven times larger than that predicted from Glauber theory Frankfurt:1993it. The pion is a likely object for color transparency involvement because it has a singular central transverse charge density [18] .
There are encouraging signs of color transparency in the JLab (e, e , π + ) experiment [14] . A significant rise of T (A) as Q 2 ranges between 1 and 5 (GeV/c) 2 has been detected. More running is planned at JLab12.
The (e, e , ρ 0 ) experiment [15] , also at JLab, has detected a significant rise of T (A) as Q 2 ranges between 1 and 2.5 (GeV/c) 2 . More running is planned at JLab12.
SUMMARY
Color transparency is an expected, but not certain, consequence of QCD. It has been observed at high energies at FermiLab. Evidence at medium energy is piling up. It seems that PLC formation is an important part of (single) meson production at large values of Q 2 , but has not yet been observed for the nucleon.
